ABSTRACT: Bacterial response to the rare event of solid ice cover in the western Baltic Sea (Kiel Bight) was investigated from February to March 1996. Samples (ice cores, brine and water) were taken at a shallow, near-shore station at irregular time intervals. Bacterial abundance, biomass and production were measured in brine and the underlying water as were the concentrations of NOa, NOa, NH,, PO, and SiO,. Vertical distributions of bacterial abundance, biomass, morphotypes and size classes and chlorophyll a and nutrients were investigated within sea ice. A bacterial growth experiment with brine bacteria was carried out to measure bacterial carbon production via total incorporation of [3H]thymidine (TTI) and [ 3~] l e u c i n e (TLI). During February the abundance, biomass and production of bacteria within brine exceeded values from under-ice water, whereas the opposite was observed in March. High N o 3 and NH4 concentrations in ice and under-ice water of up to 112 pM and 55 pM, respectively, resulted in N:P ratios of 18 to 330. Algae and bacteria were considered to benefit from that nutrient supply. For bacteria this was supported by TT1 and particularly high TLI rates during the ice situation, with TL1:TTI ratios of 25 to 213. The high TLI rates were due to a large degree of unspecific labeling by leucine and characterised the bacleria during winter 1996 as extremely active. Bacterial production (based on TTI) rose in water from 0.021 1-19 C 1-' h-' at the beginning to 0.909 pg C 1-' h-' at the end of the investigation, and in brine from 0.122 to 0.235 pg C 1-' h-'. Abundance of bacteria in brine increased from 1.7 X 106 cells ml-' initially to 2.8 X 10' cells ml-' in March. The average cell volume of these bacteria was 0.2 pm3 whereas the bactena in water reached only 0.08 pm3 The bacterial assemblage in the ice was dominated by large rods and in the water by small rods and cocci. Bacterivorous activity within sea ice was assumed to be reduced due to the speclfic vertlcal distribution of the different bacterial size classes. This was further supported by a good correlation between the development of the bacterial standing stock and the potential blomass, in sea ice as well as in the underlying water, calculated from generation times towards the end of the investigation. Low grazing pressure, high standing stocks of algae and sufficient substrate supply accounted for bacterial biornass within the ice and the underlying water that exceeded that from former winters by far A comparison with Arctic and Antarctic sites demonstrated that the bacterial community withln the sea ice showed many similarities to those found in sea ice of polar regions.
INTRODUCTION
Only the northerly regions of the brackish Baltic Sea show annual ice cover, and this lasts from about 1 mo in the Gulf of Finland (Strubing 1995) to 6 mo in the Gulf of Bothnia (Norrman & Andersson 1994) . Winters with a solid ice cover occur rather rarely in the strictly temperate western Baltic Sea: over the last 30 yr about one third of all winters had appreciable ice development of 21 d (Strubing 1995) . Solid ice coverage for more than 70 d has occurred only 4 times this century, the last time being during the winter of 1995/96. While the occurrence of ice-specific algae and Arctic relict fauna is well reported for the Baltic Sea (Rheinheimer 1995) , only 1 study, conducted in the Gulf of Bothnia, presents data on bacteria and other organisms of the microbial food web in ice (Norrman & Andersson 1994) . No data on bacterial production in sea ice are available for the Baltic Sea. 
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algal and bacterial populations in polar 3s. (Palmisano & Garrison 1993) and subpolar N regions (Normann & Andersson 1994) . The lack of annual ice cover in the western Baltic Sea makes ice likely to be an inhospitable environment for microbial growth and harmful to larger organisms. Furthermore, since ice microbial communities are known to be the result of dynamic development (Ackley & Sullivan 1994) and bacterial abundances and activities are low 25. during the initial stages (Grossmann & Dieckmann 1994) , ice cover in the western Baltic Sea may generally not last long enough to allow the development of ice communities. Were the ice cover to last long enough it is unknown whether or not microbes inhabiting temperate regions would have the potential to form sea ice as Observed in high latitude At the onset of ice formation at the end of January 1996 it was not anticipated that the ice would persist for more than 2 mo. Therefore, was collected by sterile syringes after rejection of the initial microbiological investigations comprised only a initial sample so as to exclude influences of the ice small set of variables which included the first measurecoring procedure. Brine from 5 'sack-holes' within a ments of bacterial production in brine and under-ice 1 m2 ice sheet was pooled to give 1 sample. (2) Comwater in the Baltic Sea (Kiel Bight). Despite shortplete ice cores were taken on 3 occasions (16 Feb, comings during the first 2 sampling days, the final data 23 Feb and 15 Mar 1996) . To minimize horizontal set obtained from the brackish ice of Kiel Bight allows heterogenity, ice cores were taken less than 50 cm comparisons with the vertical distribution of ice bacapart. The ice temperature was recorded at 5 cm interterial assemblages from polar regions and from the vals immediately after coring. Thereafter, cores were northern part of the Baltic Sea. Bacterial production cut with a stainless steel saw into 10 cm sections which and standing crop parameters of algae and bacteria were occasionally subdivided into 7, 6, 4, 3, or 2 cm are discussed with respect to data from polar regions sections. Sections were transferred into clean polyethand to long-term data records from the Kiel Bight area. ylene boxes. Three cores were then used for salinity and chlorophyll determination (no. l ) , for inorganic nutrient concentrations (no. 2) and for analysis of bacteria distribution (no. 3). Samples of under-ice water were obtained by cutting a hole of approximately 0.5 m2 into the sea ice. The seawater was sampled using sterile syringes. The temperature of brine and under-ice water was measured directly during the sampling procedure. The brine and water samples were immediately subsampled for total bacterial number (TBN) and biomass (TBB) (100 m1 fixed with a final concentration of 2 % formaldehyde), for nutrients (50 ml), and finally for bacterial production (1000 rnl). All samples were kept at a constant low temperature of -1 to 0°C and transported to the laboratory for further processing within 3 h after collection.
Salinity, physico-chemical parameters and pigments. For salinity, nutrient and pigment concentrations, ice core sections were melted at 4°C in the dark. Salin-
MATERIAL AND METHODS
Site and sampling. The principal area of investigation was the 'Strander Bucht' (Fig. I) . The sampling station (54" 26' 50" N, 10" 11'20" E) was located near shore in approximately 3 m water depth. Sea ice was investigated from 12 Feb to 15 Mar 1996. The ice thickness at the sampling site increased from 28 to 74 cm over the investigation period. The fast ice sheet, often consisting of smaller and larger pancakes frozen together, was sampled using a 3' SIPRE ice auger driven by a power drill.
Samples of ice biota were obtained by 2 methods: (1) The brine was sampled by drilling shallow deadend 'sack holes' into the ice. Several minutes after removing 10 to 20 cm cores from the ice sheet, brine ity was measured by a WTW LF 191 conductorneter. Nutrients were determined using a Kiel-Autoanalyzer and standard seawater procedures (Grasshoff et al. 1983) . For the determination of algal pigments [chlorophyll a (chl a ) and phaeopigments from sea ice only] thawed core sections were filtered onto Whatman GF/F filters and analysed fluorometrically with a Turner Designs Model 10-AU digital fluororneter according to Arar & Collins (1992) . Particulate ice algae carbon (PIAC) was calculated using a carbon:chl a ratio of 50:l (Andersson & Rudehdll 1993) . Salinity of brine and under-ice water was measured immediately after the sampling procedure and nutrient concentrations were determined within 3 h of collection using the same methods as for the ice samples. Brine content was calculated following the equations given by Frankenstein & Garner (1967) and Lepparanta & Manninen (1988) . Nutrient concentrations were normalized to the salinity of under-ice water for each sampling day (Gleitz et al. 1995) .
Bacterial cell number, biomass and morphotypes. The ice core segments of the bacteriological cores were melted overnight in 2 1 of 0.2 pm pre-filtered seawater at 3°C to avoid osmotic stress to the ice bacteria during the melting procedure (Garrison & Buck 1986 , Spindler & Dieckmann 1986 ). Sub-samples of 100 m1 from each segment of the cores were fixed with borax-buffered formalin (2% final concentration formaldehyde). Subsequently, all fixed bacteria samples (water, brine and ice) were filtered onto black 0.2 pm polycarbonate filters (Millipore, Poretics) and stained for 5 min with 0.03% Acridine Orange solution in triplicate. Preparates were stored frozen (-18°C) and counted within 3 wk (Turley & Hughes 1992) . Microscopic analyses were carried out with either a Zeiss Axioplan or Axioskop epifluorescence microscope under blue-light excitation (450 to 490 nm). Total bacterial number was calculated from at least 400 cells recorded in a minimum of 20 fields of a New Porton C12 counting grid (Graticules Ltd, UK). Estimates of bacterial biovolume were based on measurements of 100 individual cells on every filter. Biovolume was converted into bacterial carbon using the fol-mula CC = 88.6 X X 1.042 (Simon & Azam 1989) , where CC and v01 are the average carbon content per cell and the average cell volume, respectively. Bacterial cell volumes were grouped into size classes which corresponded to volumes of: <0.025, 0.025-0.135, >0.135-0.47 and >0.47 pm3. Bacteria were also grouped according to morphotypes such as: cocci, vibrios, rods and 'others'. The group 'others' contained bacteria of e.g. spirillum-, spirochaete-, or flexibacter-like shape. Scanning electron micrographs of bacteria were carried out using a Zeiss DSM 940 microscope.
Bacterial processes. Incorporation of ["Ileucine and [ 3~] t h y m i d i n e :
The determination of bacterial production by incorporation rates of leucine and thymidine roughly followed the protocols described by Simon & Azam (1989) and Fuhrman & Azam (1982) , respectively. Triplicate 5 to 10 m1 samples (water and brine) and 1 formalin prefixed blank ( l % final concentration) were incubated at in situ temperature of -1 to 0°C for 60 or 120 min: one set was amended with 74 to 11 1 kBq L-[4, 5-3H]leucine (specific activity 2.3 to 3.3 TBq mmol-', Amersham) and diluted with unlabeled leucine to a final concentration of 100 to l10 nM, and a second set received 10 nM [methyl-3H]thymidine (specific activity 2.26 TBq mmol-', Amersham).
To obtain the cold trichloroacetic acid (TCA) insoluble macromolecular fraction, incubation was stopped by addltion of formalin (final concentration 1 % formaldehyde). Samples were filtered onto 0.2 pm polycarbonate filters (Costar, Poretics) and rinsed 10 times with 1 m1 5 % ice-cold TCA. To recover the hot-TCA insoluble fraction (additional sample sets only on 15 Mar) incubation was stopped with TCA (5 % final concentration) and immediately extracted for 20 min in a hot water bath (80°C). After cooling in an ice bath, the material was collected on 0.2 pm polycarbonate filters and rinsed 5 times with 1 m1 5% ice-cold TCA. All filters were transferred into Lumagel scintillation cocktail (Baker) and radioassayed in a Packard TriCarb liquid scintillation counter. Quench correction was performed by automatic external standardization.
Bacterial carbon production and growth rates: To convert incorporation rates to rates of macron~olecular synthesis and, in turn, to biomass production, empirical conversion factors were used from an experiment with natural bacterial assemblages taken directly from the brine on 16 Feb 1996. In this time-course experiment, the increase of bacterial cell concentration was followed by epifluorescence microscopy parallel with measurements of thymidine and leucine incorporation. 400 m1 of brine were filtered through 1 pm polycarbonate filters to eliminate grazers. The inoculum was diluted 10-fold with brine filtered through 0.16 pm by tangential filtration (Ultrasette, Filtron). Growth of bacteria was followed at 0°C maintained by an ice bath in an insulated box for 171 h. Conversion factors were calculated from the slope of cell numbers at a time point vs the incorporation rates integrated to that time point (integrative method; cf. Kirchman & Ducklow 1993) . Carbon production of field samples was then calculated from incorporation rates multiplied by the obtained conversion factors and the average carbon content per cell of the respective sample. Specific bacterial growth rates (p) were estimated from the production/biomass ratio and corresponding generation times (G) were calculated by G = ln2/p.
RESULTS
Two steady easterly wind fields led to a long-lasting cold period during the winter of 1996 (Fig. 2a) . After 10 d of air temperatures below O°C, the ice formation process in the brackish water started (about 27 Jan) (Fig. 2b) , and the first sample of a closed solid ice sheet was taken 16 d later. North and west wind events between these wind fields were responsible for short periods of 'milder weather'. Air temperatures above 0°C led to superficial ice melting processes but not to a general warming of seawater. The changes in wind direction were followed by ice drifting and later on by repacking of single ice floes, altering the ice situation from solid to pack ice. This near-shore land-fast ice was broken up by strong westerly winds during the third week of March and drifted offshore.
The weather conditions directly influenced temporal and spatial development of the physical and chemical variables of sea ice during the study. In situ temperature in the brine increased during the investigation period ( Fig. 3a) whereas salinity gradually decreased over time (Fig. 3b) . Salinity and temperature in the under-ice water did not show any trend. Salinity of the ice cores also exhibited no clear temporal development (Fig. 4) but the temperature of the sea ice increased slightly over time (Fig. 5 ). This trend was reflected by an increase in the relative brine content of the mid and lower horizons of the ice cores (Fig. 4) . Here, brine contents of well above 40 % towards the end of the inves- E tigation characterised the ice as extremely porous and wet and provided a large inner surface as a possible habitat for microorganisms. The change of inorganic nutrients over time (Fig 6) indicated a similar development in sea ice, brine and underlying water with highest nutrient concentrations always occurring in the latter. Nitrite and silicate increased in ice and water from 16 Feb to the end of the study, whereas phosphate only increased in water. Silicate rapidly exceeded the initially low values by a factor of more than 20 with peak values of 45 pM in water on 15 Mar. Nitrate was the dominant inorganic nitrogen compound and ammonia was also present in high concentrations. N:P ratios of 18 to 330 indicated a possible strong phosphate deficiency in ice, brine and water. lying water on the respective and the first sampling day to exclude possible biological effects from the data set.
Measurements of the vertical distribution of chl a revealed an increasing concentration from top to bottom. However, an inverse vertical distribution was observed on 23 Feb. Phaeopigment:chlorophyll ratios did not exceed 0.4 (Fig. 7 ) . TBN and TBB in brine showed a slow decline until 16 Feb followed by a pronounced increase, reaching maximum values of 2.8 X 10"ells ml-' and 51.3 pg C 1-' on 15 Mar (Fig. 8 ). TBN and TBB in underlying water increased steadily during the study and exceeded the bnne values on 15 Mar. While there were no sirnilarities in the vertical distributions of TBN, TBB and chl a on 16 Feb, a similar vertical distribution of these variables was detected on 23 Feb and 15 Mar (Figs. 7 & 9). The average biovolume of sea ice bacteria was 0.2 pm3 whereas the bacteria in water reached an average biovolume of only 0.08 pm3. The most frequent size class in sea ice was 0.025 to 0.135 and reached maximum values in the bottom sections whereas bacteria larger than 0.135 pm%nd smaller than 0.025 pm3 were more abundant in the upper sections of each ice core (Fig. 10 ). This pattern evolved over time and was most pronounced on 15 Mar. The distribution of bacterial size classes of the underlying water was different to that of sea ice. The water was dominated by 2 bacterial size classes: ~0 . 0 2 5 pm3 and 0.025-0.135 pm3 while larger cells were very scarce.
Size classes were often represented by distinct morphological types. Cocci contributed mostly to smaller size classes while vibrios, rods and 'others' were dispersed evenly over the entire size spectrum. The 4 groups of morphotypes showed a relatively homogenous vertical distribution (Flg. 11). Cocci and rods were the most frequent morphotypes in the ice as well Day of sampling 1 9 9 6
Fig. 8. Time course of (a) total bacterial number (TBN), and (b) total bacterial biomass (TBB) in brine and under-ice water. Error bars denote standard deviations A striking deviation from the overall pattern was observed within the top ice core section on 23 Feb when 64 % of vibrios and 1 %, of rods (1 1 ' % of total) were hyphenating bacteria. Some flagellated bacteria and bacteria with smaller appendages or slime shea.ths were also observed in ice on 15 Mar with the scanning electron microscope (Fig. 12) .
Rates of total I3H]thymidine incorporation (TTI) into the cold TCA-insoluble fraction between 12 and 23 Feb exhibited higher values in brlne than in the water (Fig. 13a) . On 15 Mar, the TT1 in water increased 15-fold while that in brine only 2-fold. The TT1 in underlying water thus exceeded that of brine. Rates of ["Hlleucine incorporation (TL1) into the cold TCAinsoluble material (Fig. 13b) were also higher in brine than in water except on 15 Mar and corresponded to that of TTI. However, TLI rates were unexpectedly high and the TLI:?TI ratios reached magnitudes between 25 and 213 The growth experiment (Fig. 14) conducted with ice bacteria resulted in TL1:TTI ratios of 25 to 350 and conversion factors (CF) of 1.23 X 106 cells pmol-' for [3H]thymidine and 0.4 ng C pmol-' (0.04 X 106 cells pmol-l) for [%]leucine. The high TL1:TTI ratios in this conversion factor experiment were not detected in an open water experiment about 1 wk later using the same methodology (data not shown). The high TL1:TTI ratios eventually made the use of the hot-TCA extraction procedure inevitable. Hydrolyzation of non-protein macromolecules was carried out on 15 Mar and unspecific labeling was checked. The amount of [3H]leucine incorporated into hot-TCA insoluble material in water was 9-fold lower than the [3H]leucine recovered in cold-TCA insoluble material and that in brine was about half of the 13H]leucine recovered in the cold-extracted fraction (Fig. 13b) . The determined CF for [3H]thymidine incorporation led to bacterial production values in water of 0.021 pg C 1-' h-' at the beginning and 0.909 pg C 1-' h-' at the end of the investigation. and in brine of 0.122 and 0.235 pg C 1-I h-', respectively.
Although bacterial carbon production (based on TTI) and biomass varied remarkably during the investigation period, generation times between 5.6 and 8 d within the ice were stable. Only on 16 Feb were generation times of 20 d observed. In the under-ice water generation times were always twice as high as in the ice except on 15 Mar when they decreased sharply to 2.7 d.
DISCUSSION
The western Baltic Sea was covered for 2 mo with a highly variable ice sheet with respect to changes in the extension of the floe sizes and of the ice sheet itself. The distinct changes in the under-ice water salinity point towards massive transport of water of completely different origin, a phenomenon whlch is likewise inconsistent with hydrographical processes in polar areas. One characteristic feature of the investigated ice cover was the low salinity of the brine. The colder the Ice, the more of the salt solution retained within freezes and concentrates (Cox & Weeks 1983) . On 16 Feb, air temperatures increased to about 3°C and small freshwater pools formed on the ice. Water drained through the ice, consequently reducing the salinity of the brine (6.6 psu). We assume that the always small difference in salinity between underlying water and brine was not sufficient to be a physiologically suppressive factor as is the highly saline water in brine channels in polar sea ice (Legendre et al. 1992 ).
TBN TBB
Inorganic nutrients of the underlying water showed high concentrations compared to the long-term average (March) for water of the investigated area relative to time of the year (Table 2; Hansen 1993 ). Compared to a study from the Gulf of Bothnia (Norrman & Andersson 1994) , an area of similar nutrient concentrations w~thin the water column during wintertime (HELCOM 1997), we detected lower concentrations of ammonia and nitrate but similar concentrations of phosphate in melted ice cores (Fig. 6) . Atmospheric precipitation is discussed by Norrman & Andersson (1994) and considered to be a major factor influencing the nitrate pool. During our investigation precipitation was low. We did not observe high nitrate concentrations in rain water and snow collected from the sea ice surface on 23 Feb (data not shown). Furthermore, we did not note any accumulation of nitrate on 16 Feb in the top segments of melted ice cores after rain, but Pig. 10. Vertical distribution of bacterial size classes in sea ice and size classes for the under-ice bacterial assemblage there were extremely high ni.trate concentrations for this area in the brine and under-ice water (Fig. 6 ). Contrary to the precipitation hypothesis, we assume 2 other factors to have chiefly caused the high nutrient contentrations: (1) Due to the shallow depth of the water and a cold unstratified water column, physical, chemical and biological properties of the underlying sediment strongly influenced the measured nutrient concentrations in our study. High values could be maintained by equilibrium reactions between the water column and the sediment (Balzer et al. 1987 , Smetacek et al. 1987 . (2) The up to 10-fold higher nitrate concentrations in the under-ice water con?-pared to normal winter water values could be provided by input from eutrophic rivers, e.g. the Schwentine river which runs into the inner Kiel Fjord. Due to its low density, freshwater would travel beneath the ice and would hardly be affected by dilution. This is supported by the coincidence of very low salinities and high nutrient concentrations (ammonia and nitrate) on 16 Feb and 15 Mar. If either of these 2 factors is valid, then the nutrient concentrations in the ice were primarily a result of their concentration in the underlying water, with decreasing concentrations from bottom to top, further modified by physical and biological processes in the ice, and not substantially influenced by the atmosphere. Due to the wide range of nutrient concentrations measured in studies from Arctic (Maestrini et al. 1986 , Cota et al. 1987 , Smith et al. 1990 , Hudier & Ingram 1994 and Antarctic sea ice (Dieckmann et al. 1991 , Gleitz et al. 1995 ) a comparison is difficult because the studies were carried out at different seasons and data were usually not normalized to accord with salinities of the surrounding seawater. Generally high nutrient concentrations for water were observed in Antarctica Fig. 11 . Vertical distribution of bacterial morphotypes in sea ice and morphotypes for the under-ice bacterial assemblage whereas low concentrations were characteristic for Arctic seawater (Table 2 ). Our nutrient concentrations of under-ice water were always higher than those of both polar regions but our brine and sea ice nutrient concentrations were within the range of polar sea ice ( (Hansen 1993 ). The over 4-fold higher maximum chl a concentrations at -0.3"C in the ice and the low phaeopigment:chl a ratios of the ice algae community imply that there were very favourable growth conditions in this habitat compared to phytoplankton chl a concentrations of ice free winters. Concentrations of about 20 pg chl a I-' are similar to phytoplankton spring bloom conditions which normally occur 1 mo later in March (Rheinheimer 1995). The early ice algae and the possibly early phytoplankton development in 1996 could be attributed to the high concentrations of nitrate, ammonium and silicate and to a reduction of water turbulence due to the ice cover. In addition sufficient availability of light can be assumed because snow cover was thin and the vertical extent of the ice sheet initially minimal.
The maximum algal biomass in the ice on 16 Feb and 15 Mar was found in the bottom few centimetres (Fig 7 ) . We always observed very porous bottom sections (Fig. 4) which contained a well-developed bnne channel system. An enlarged brine volume may play a vital role for sea ice communities (Eicken 1992 ). An enrichment of algae in the bottom few centimetres can be explained by physical accumulation, by entrainment of brine, by superficial melt processes (Eicken 1992) , or by growth. A chemical reason could be the availability of sufficiently high nutrient concentrations in the under-ice water (Maestrini et al. 1986 ). The relatively continuous increase of chl a from the top to the bottom of the ice core observed on 16 Feb and 15 Mar, although tollowing the distribution of nutrients, is astonishing because 1 mo old ice, when found in the Antarctic, usually contains very heterogeneous distr-ibution patterns of algae due to dynamic growth of the sea ice (Garrison et al. 1983 , Shen & Ackermann 1990 . Despite the recorded variable environmental condi- tions, the results indicate the development of a bottom ice community of ice algae (and bacteria) as proposed by Horner et al. (1988) for polar regions. A totally inverse vertical distribution of chl a with maxlmum algal biomass in the top of the ice core was found on 23 Feb after a warmer west-wind event (Figs. 2 & 7) . The west-wind period could have induced superficial melt processes after 16 Feb leading to an infiltration of seawater with an enrichment of microorganisms in the top layer (Garrison et al. 1983) . Initially (16 Feb) the ice community was dominated by algae and the biomasses of algae and bacteria were not significantly correlated (Fig. 15) . After a time lag, bacterial cell division and growth resulted in a fair correlation between TBB and PIAC on 23 Feb. Within the thick, old ice (15 March) the slope of the regression between TBB and PIAC became flatter and highly significant (p < 0.005), but the y-intercept was higher. This implies 3 developmental stages of the microbial community within the sea ice of the Kiel Bight with the increasing importance of heterotrophic bacteria.
During the investigations daylength increased as did air temperatures due to more west-wind events after 13 Mar 1996. Irradiation towards the end of the study was also sufficient to enhance growth processes of phytoplankton under the ice. Unfortunately chl a was not measured in the under-ice water. However, chl a concentrations of 12 1. 19 1-I near the ice edge in open water were observed in early March (Horstmann, IfM Kiel, pers. comm.) . A phytoplankton bloom in the underlying water could be responsible for the ob- (Table 3) . Also TBB values in ice were conspicuously higher in comparision to water values of earlier years; meanwhile PIAC values were mostly within the range of particulate phytoplankton carbon (PPC) of earlier years (Fig. 16) . Nevertheless, the biomass of both algae and bacteria within the ice remained high for the Kiel Bight, but with an emphasis on the heterotrophic component which had not before been observed to that extent in the Kiel Bight area. However, TBN, TBB and bacterial cell volume within Kiel Bight ice and brine was in the range of Arctic and Antarctic sea ice ( Table 3) . The bacterial populations in ice and underlying water were distinctly different with respect to biovolume, size classes and morphotypes, the latter not showing any temporal change. One reason for the observed initial decrease of cell volume within the sea ice could be leakage of brine due to surface melt processes which removed bacterial cells and presumably organic material from the ice. The only small increase in bacterial cell volume in both habitats towards the end of the study indicates that the biomass production of the bacteria was dominated by an increase in cell number. At that timepoint an increase of individual volumes was obviously of minor importance, in contrast to the observation in the growth experiment of 16 Feb. The ice bacteria assemblage was dominated by rodshaped cells with a biovolume of 0.025-0.235 pm3 which were particularly evident in the bottom of the ice in a manner similar to the bottom surface of sea ice at Frobisher Bay in the Canadian subarctic (Bunch & Harland 1990 ) and within ice of other polar regions (e.g. Helmke & Weyland 1995). The bacterial assemblage in the underlying water was also dominated by rod-shaped cells but smaller cocci also contributed a large part of the total bacteria1 biomass. The largest bacteria in the ice (0.135-0.9 pm3) consisted of large rods which frequently occupied the top of the ice. The virtual absence of these bacteria in water (Figs. 10 & 11) provides evidence of an ice-specific group of bacteria or at least ice-specific factors controlling this shift in size classes.
The variety of distinct morphological bacter~al types within the ice, including bacteria with slime sheaths and with appendages, is very common (about 20%) among sea ice isolates from the Antarctic (Helmke & Weyland 1995) . Similar morphotypes were also found within the sea ice 01 the Kiel Bight (Fig. 12 ) and amounted to 11 % of the total on 23 Feb. Hyphenating bacteria were virtually absent on 15 Mar and otherwise appendaged bacteria could not be distinguished by epfluorescence microscopy. Investigations by scanning electron microscopy were performed only qualitatively and not quantitatively. Therefore, the absolute percentage of these types of bacteria cannot be provided and the number given is a conservative estimate. However, the results indicate a similar shift in morphotypes for brackish water ice as is found in the ice of polar areas.
Average cell volumes of about 0.3 p m q o r ice bacteria of various sea ice habitats have frequently been observed by Kottmeier & Sullivan (1990) Enlarged cell volumes of Arctic bacteria have been attributed to both low temperature and high nutrient concentration (Wiebe et al. 1992) . Large cells can also be the result of low grazing pressure within the ice (Turley et al. 1986 ). During the temporal development of the brackish ice bacterial community a shift in size classes occurred. The smallest bacteria decreased over tlme in.dicating growth due to high substrate concentrations and insignificant control by grazing
The supposed low influence of grazers on the overall development of the standing stock of bacteria should be discernible in a correlation between bacterial production (based on TTI) and TBN. The temporal development of bacterial production closely followed that of TBN (Fig. 17) . Bunch & Harland (1990) found an increase of cell production from 0 to 7.6 X 10' cells 1-' h-' between March and May 1986 in first-year ice at Frobisher Bay (Canadian Subarctic) but only a 5-fold increase in the standing stock of bacteria, which supported the hypothesis of predation and/or export of the standing stock of cells to the water column. Because of the good agreement between bacterial production and TBN in our study (e.g. both doubled within the ice) Correlations between bacterial production measured by thymidine incorporation rates and total bacterial number (TBN) in (a) bnne and (b) under-~ce water. The regressions for under-ice water are given for all dates (+ 15 mar) and without the last sampling date (-15 Mar) significant predation and/or export of bacterial cells within sea ice and underlying water during the icecovered period in the Kiel Bight can be excluded (cf. Billen et al. 1990) . A comparison between potential biomass data, calculated from generation times, and actual standlng stocks is likewise difficult due to the pronounced hydrographic changes and coupled water exchange processes which affected the investigation. However, the increase in TBB by a factor of 3 to 4 between the last 2 sampling dates (20 d ) fits to an average generation time of 6 to 7 d in ice and underlying water during that period and indicates no loss due to grazing This indirect proof of the absence of consumers belonging to the nanoplankon size fraction is supported by the virtual absence of the micro-and mesozooplankton during the ice-covered period until the begining of summer (Behrends, IfM l e l , pers. comm.) Nonetheless, the total bacterial biomass (as well as the biomass of ice algae) that was not ingested during the ice-covered period may be released during ice melting and then contribute to a carbon outflow from the sympagic system. One of the most interesting findings during the ice investigation was the occurrence of extremely high leucine incorporation rates in relation to the measured thymidine uptake. There are no reports about TL1:TTI ratios as high as those reported here either for the Baltic or for sea ice or open water in polar areas. There are 2 possible explanations for this: (1) In the icerelated literature, data obtained by the hot-extraction procedure are presented (e.g. Grossmann & Dieckmann 1994) and deviations between the 2 extraction procedures are therefore unknown, and (2) the literature concerning production estimates from leucine in polar open water areas and the Baltic includes mainly data measured by the cold-extraction procedure (e.g. Tupas et al. 1994 , Giesenhagen 1996a , Lochte et al. 1997 ) and does not show high TLI:TTI ratios similar to the open water experiment (data not presented).
Our results indicate that within and beneath the sea ice, unspecific labeling by leucine was high and characteristic for the ice situation. A non-protein macromolecule which remains in the cold TCA-insoluble fraction is leucyl-tRNA. During a period of increasing growth rate (see below), assimilation of leucine into leucyl-tRNA may be faster than its incorporation into proteins (Chin-Leo & Kirchman 1988). High coldextraction values can also result from the synthesis and degradation of proteins, i.e. protein turnover, independent of net growth (Kirchman et al. 1985) . Tupas et al. (1994) discussed high uptake rates of amino acids in Antarctic coastal waters which are mineralized to a large degree to ammonia. Although high uptake rates of amino acids should not affect the production estimate since they are only cycled within the cell rather than being incorporated, they still may influence the measurement. However, it is unclear why the uptake of leucine should be much higher than required for biosynthesis. In spite of favourable growth conditions during the ice-covered period, a lack of certain substantial substrates inducing a high quasi-con~pensatory flux of amino acids into the cell could serve as a possible explanation.
TLI values obtained by the hot-extraction procedure on 15 Mar resulted in still higher TL1:TTI ratios of 25-40:l compared to common ratios of 5-10:l within water and sea ice (Chin-Leo & Kirchman 1988 , Grossmann & Dieckmann 1994 ). Higher ratios can be explained by a large proportion of active but nondividing cells (Tabor & Neihoff 1984 , Kirchman et al. 1985 , Grossmann 1994 . The increase in bacterial mean cell volume during the growth experiment indicated that an appreciable fraction of the bacterial production originated from cell enlargement and not from cell division alone. Furthermore, enlarged cells incorporate relatively more leucine than smaller cells (Servais 1992) . Also, uncoupling between the synthesis rates of protein and DNA under selected growth conditions such as shifts from low to high growth rates can result in elevated ratios (Ingrahain et al. 1983 , ChinLeo & Kirchman 1990 ). Dissolved free amino acids and ammonia can stimulate the average growth rate (ffirchman 1990). A comparable stin~ulation can be assumed durlng our study because of high ammonia concentrations up to 34 PM. However, this cannot be easlly proven by the production/biomass ratios due to the previously mentioned water exchange processes. It is only indicated for the last sampling day In the underice water when generation times dropped to 2.7 d .
Uptake of leucine by algae is discussed by B j~r n s e n & Kuparinen (1991) to raise the incorporation rates when added concentrations are high. This may be of importance when saturation levels are in the range of 10 to 20 nM For Baltic Sea samples saturation concentrations need to be much hlgher and sometimes saturation levels are unattainable (Heinanen, Finnish Institute of Marine Research, Helsinki, pers. comm.) . The effect of addition of 100 nM leucine was checked in a saturation level experiment for brine and underice water (data not shown), and was eliminated as a factor that may have stimulated uptake by algae.
Since the production estimates based on the measurement of leucine incorporation rates were obviously affected by unspecific labelling and unfortunately not always checked, a comparison of bacterial production in brackish water ice compared to polar regions and to winter values encountered in the Baltlc Sea was restricted to the thymidine method (Table 3) . Bacterial production within brine from the Kiel Bight was similar to that reported from the Arctic and Antartic, espe-cially w h e n d a t a from young ice (2 to 3 mo) a r e compared (Kottmeier & Sullivan 1990 , Grossmann & Dieckmann 1994 . O n t h e other h a n d , the under-ice water maximum production w a s m u c h higher, i n relation to both t h e Kiel Bight winter values a n d to underice values from polar areas. T h e ice situation rapidly c h a n g e d t h e nutrient regime in our a r e a a n d is not comparable to that of polar regions. T h e bacteria w e r e likely a m o n g t h e first to benefit from t h e nutrient a n d substrate supply via e . g . phytoplankton exudation a n d to respond with comparably high activity (leucine incorporation) a n d production rates.
Summarizing t h e results of t h e ice investigation, t h e ice situation in winter 1995/96 supported t h e growth a n d development of t h e bacterial community in t h e Kiel Bight area. T h e bacterial biomass over this winter e x c e e d e d biomass from former years by far because of sufficient nutrient a n d substrate supply a n d low grazing pressure during t h e ice-covered period. A comparison with Arctic a n d Antarctic sites revealed that TBN, TBB, bacterial biovolume, morphotypes a n d bacterial production within s e a ice of the Kiel Bight s h o w e d m a n y similarities to those found i n s e a ice of polar regions. This finding w a s not expected because t h e development of a solid ice cover a t this latitude in t h e Baltic S e a is rare. T h e adaptation of different bacterial groups to t h e n e w environment of s e a ice a n d concurring physical processes apparently always takes place i n a comparable way, which could explain this similarity. It is also most likely that cold-adapted bacterial groups exist in t h e southern regions of t h e Baltic S e a a n d to a certain extent a r e responsible for a corresponding development. While psychrotrophic bacteria c a n b e assumed to b e present in the water this m a y not b e t r u e for strictly psychrophilic bacteria which a r e thought to b e essentially restricted to polar a r e a s a n d to m a k e s e a ice microbial assemblages exclusive for these regions (e.g. Delille 1992) . W e did not perform a n y physiological tests to check whether or not t h e observed similarities could b e attributed to the existence of psychrophllic bacteria. However, H e l m k e & Weyland (1991) demonstrated t h e existence of psychrop h~l l c b a c t e n a i n North S e a sediments during winter although their tests failed in summer. Although there is n o hint a s to h o w this g r o u p survives w a r m periods, it obviously does. Since psycrophilic bacteria a r e part of t h e winter populations i n t h e North S e a , there is n o reason to absolutely exclude their possible appearance i n t h e adjacent Baltic Sea. It will b e most interesting if future studies conducted on brackish water ice i n temperate regions a r e able to prove whether t h e observed similarities a r e restricted to functional aspects of the syrnphagic systems or whether there a r e also clear accordances with regard to their structure beyond those observed by scanning electron microcopy.
